Abstract-In this paper, we present a theoretical study on the optimization of passively mode-locked quantum dot lasers based on an alternative cavity design. In particular, we investigate a geometry in which the saturable absorber is located near the low reflection facet of the chip (output facet). The investigation is carried out by means of a time-domain traveling wave numerical model for quantum-dot active medium for both the gain and absorbing sections. The analysis shows superior performance in terms of pulsewidth and peak power of devices based on the new geometry compared to devices based on the conventional geometry, where the saturable absorber is placed near the high reflectivity facet. The optimization relies on the enhanced bleaching of the saturable absorber when the latter is located near the output facet, which prevents the generation of colliding or self-colliding pulse effects.
investigated and optimized in terms of the generated pulse characteristics. Compared to active or hybrid mode locking, passive mode-locking, employing a saturable absorber incorporated into the laser, is a simpler and cost effective technique to generate ultra-short pulses, without the need for a radiofrequency (RF) source [2] . Usually, the optimization of such devices is achieved exploiting the coherent interaction of counter-propagating optical pulses in the saturable absorber (colliding-pulse effects) [3] . In the standard configuration, the absorber section is placed near the high reflectivity (HR) cavity mirror in order to enhance the absorption saturation on the basis of a self-colliding pulse effect (self-colliding pulse modelocking, SCPM) [3] . Recently, further optimization on the ML characteristics was theoretically investigated for a QW-based device, exploiting an anti-colliding geometry (anti-colliding pulse mode locking, ACPM), e.g. the absorber section is assumed near the low-reflection coated facet [4] . It was shown that the proposed design leads to substantial increase in output power and a reduction in amplitude and timing jitter. Although in principle this design could also be applied in the case of a QD passively ML laser, its effectiveness, the degree of optimization and the corresponding operating conditions are under question, due to the inherent fundamental differences of the QD lasers compared to QW lasers (the energy bandstructure and the absorption and gain saturation energies).
In this paper we investigate theoretically the optimization of two-section passively ML QD lasers exploiting two alternative designs. In particular, we compare the operation of devices based on the conventional high reflection located absorber geometry, with the alternative geometry in which the absorber is located near the low reflection facet (output) of the laser in terms of average and peak power, pulse width and amplitude noise. We show that this configuration exhibits shorter pulses with higher peak power than the conventional case, but the overall performance is limited in some cases by strong amplitude fluctuations. Furthermore, drawbacks of this configuration and a comparison with the results obtained for QW ML lasers reported in [4] are discussed. The investigation is carried out by means of a finite-difference traveling-wave (FDTW) numerical model. First, a brief description of this numerical model and the simulated devices is given in section II. Detailed results for the comparison of the two considered geometries are presented, analyzed and discussed in section III. Section IV comprises the conclusion of our work.
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II. DEVICE MODELING
The numerical model used in the simulations is a finitedifference traveling-wave (FDTW) model for two-section QD ML lasers similar to the one used in [5] . This model is based on the solution of travelling wave equations for the forward and backward propagating fields in the saturable gain/absorbing media and thus it properly accounts for the colliding effects in the absorber. The QD material system is described with a four-energy level system: the separateconfinement hetero-structure layer (SCH), the wetting layer (WL), the first excited state (ES) and the ground state (GS). Compared to [5] , the second excited state (ES 2 ) and the corresponding transitions are omitted as a means to reduce the simulation time. The inhomogeneous energy distribution fabrication-induced gain broadening is described with a set of multi-population rate equations, accounting only for the electron dynamics. The carrier rate equations for the gain sections read:
N SC H , N W L are the total carrier number in the SCH and the 2-D quantum well (QW) states (wetting layer, WL);
are the carrier number of each QD confined state (excited, ground state respectively). All carrier populations are considered for a given longitudinal section of gain section. E ± E S and E ± G S corresponds to the forward and backward propagating field for the ES and GS respectively. ρ j E S , ρ j G S are the carrier occupation probability for the ES and GS of the j-th QD group, rescpectively [5] . G j n is the inhomogeneous broadening factor for state n (n = ES, GS) and for the j-th QD group, assuming a Gaussian distribution [5] . The symbol () represents the imaginary part of a complex number. The summations run over the considered number of QD groups (N = 13). [5] .
The rate equations for the absorber section are enhanced with terms which account for the electron escape processes due to the application of an electric field (thermionic escape and tunneling processes). The corresponding expressions can be found in [5] .
The solution of the optical field propagation equation is given by a finite difference scheme for the forward and backward field as in [5] . In comparison to [5] , the optical field equation has been split in two uncoupled equations, one for the field at the GS wavelength (E G S ) and one for the field resonant with the ES (E E S ):
where n = GS, ES. P ± n (z, t) is the effective polarization for each state and direction of propagation, calculated as:
is the convolution integral of the polarization with the field and it is calculated numerically using equations (17)-(18) in [5] . S ± spon,n (z, t) represents the contribution of the spontaneous emission noise and its implementation is given by equations (19), (20) and (22) in [5] , neglecting the summation for GS/ES. Equation (3) is solved separately for the two states (n = GS, ES), taking small enough time sample (dt = 50 fs) to ensure enough gain bandwidth for each state. This approach relaxes the requirements for ultrashort time step for the simulation of the QD gain spectrum, since the entire wide spectrum is considered as two distinct bands [6] , [7] .
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Absorbing section In the numerical model there is no additional non-linear gain saturation coefficient since the spectral hole burning (SHB) non-linear gain compression which dominates in QD system (fast non-linearity) is inherently included through the multiple population rate-equation system used (one rate equation for each QD energy/spectral group and confined state).
The considered device is a two section Fabry-Perot laser with 5 InAs quantum dot layers embedded in InGaAs/GaAs QWs with the peak gain for the GS at 1.3 μm. The total length of the laser cavity (L) is 2 mm which results to a repetition frequency of 22.4 GHz, and the length of the absorbing section (L a ) is 0.3 mm. The high reflection (HR) facet reflectivity is R 1 = 0.99 and the low reflection (LR) facet reflectivity is R 2 = 0.1. The physical and structural model parameters are given in table I and they have been previously used for the modeling of real devices with very good agreement between simulation and experiments [5] . Some parameters such inhomogeneous gain broadening and gain coefficients have been extracted by fitting experimentally obtained gain spectra. Capture and relaxation time have been extracted in order to reproduce pump and probe experiments [5] . In order to be aligned with usual experimental practice, pulse duration is evaluated from the full width at half maximum (FWHM) of the mathematically calculated autocorrelation trace (AC). We followed this approach because the autocorrelation is always symmetric and insensitive to strong pulse shape irregularities which can lead to errors in the calculation of real pulse width [8] . All the calculations have been performed over a long pulse series and after the complete development of ML, rejecting the initial transients. Fig. 1 illustrates the ML configurations considered in this study. In the typical configuration (top), the absorber is located near the high-reflection facet, enabling the selfcolliding effects for an enhanced saturation of the absorber (HR configuration). In the alternative geometry (bottom) the absorber is located near the low reflection facet (output) of the laser thus preventing the generation of colliding effects (LR configuration).
III. RESULTS AND DISCUSSION
A. Comparison of the HR and LR Configurations: FOM
In order to compare the efficiency of the HR-and LRabsorber configurations, we performed a complete mapping of the ML operation in terms of average power, peak power and pulsewidth. The maps are shown in Fig. 2 . As means to reduce the plots and give the results in a more presentable way, we have calculated the figure of merit (FOM) parameter which is given by the product of average power and peak power (in W 2 ). Fig. 3 illustrates FOM as a function of the gain current and the absorber voltage for both the HR and LR geometries. It is easily observed that the LR geometry has superior performance with respect to the HR geometry. First, the LR device exhibits a lower voltage threshold of the ML operation for all currents. Second, the LR device gives significantly higher FOM especially well above the ML current threshold. This is the result of the significantly shorter (and thus stronger) pulses generated by the LR device in this regime, as observed in Fig. 2 . In order to clarify the dynamics which lead to the above results, we have plotted an instance of the pulse formation inside the laser cavity for both geometries (Fig. 4) for the same operating conditions (I g = 70 mA, V a = −6 V). It is evident that in the case of the LR geometry, the power impinging at the input of the absorber section (Fig. 4 bottom, at z = 1.7 mm) is much higher than the corresponding power in the HR case (Fig. 4 top, at z = 0.3 mm). This can be explained as follows. In the LR case the field propagates twice along the length of the gain section with a negligible mirror loss (at z = 0) before it reaches the absorber at the LR facet (z = 1.7 mm); in the HR case on the contrary, the pulse amplification in the gain section is interrupted by the absorber near the HR facet from one side (z = 0.3 mm) and by the LR facet from the other side of the cavity (z = 2 mm). Consequently, in the LR configuration the absorber exhibits enhanced saturation (due to higher power) which enables the generation of shorter pulses with higher peak power than in the HR case. The large difference in FOM shown in Fig. 3 is due to the shorter pulses generated in the LR case. Furthermore, the extended ML operation range in the LR case is due to the earlier saturation of the absorber (e.g. at lower voltage).
Concluding, although the original idea of utilizing HR design is to enhance the absorption saturation in the SA through a self-colliding effect (the pulse propagates twice in the SA without experiencing significant loss at the HR facet), the power impinging the absorber from the gain section is not that high. The simulation results indicate that in the LR configuration, the coupling of the two strong forward and backward propagating pulses is avoided, but the power impinging the absorber from the gain section is now much larger thus enhancing the absorption saturation and pulse shaping compared to the HR design.
B. Noise and ML Stability
Besides pulsewidth and peak power, the amplitude noise and the stability of ML operation are very critical for many applications. Fig. 5 shows the maps of the pulse peak power fluctuation for the considered geometries, defined as the ratio of the standard deviation of peak power to the average peak power. Contrary to the FOM performance, at moderate and high gain current values the HR configuration exhibits less noise than the LR one. A combination of the FOM maps with the pulse peak power fluctuation maps of the previous paragraph, leads to the following conclusion: in the regime where the LR configuration exhibits the maximum advantage in terms of FOM compared to the HR configuration, the ML operation suffers from stronger peak power fluctuation than the HR configuration. This gets clearer observing the FOM maps on the bottom of Fig. 5 which include only the conditions with fluctuation lower than 5%. In order to explain this behavior we focused on the gain and absorption dynamics in different regimes. As described in detail in [5] , considering a reference framework moving at the group velocity of the ML pulse, the round trip gain R(τ , f ) experienced by the pulse in the laser cavity is calculated as a function of the optical frequency, f, and the relative pulse time, τ (equation (31) in [5] ). τ is defined as τ = t ∓ z v g where v g is the group velocity, z is the spatial coordinate, t is the absolute time and the sign depends on whether the pulse is propagating in the forward or backward direction. From this coordinate transformation, the round trip gain, R(τ , f ), seen by the pulse can be calculated by integrating over the spatial coordinate z, the time-dependent net gain/absorption spectra experienced by the pulse during both the forward and backward propagation in the cavity (QD gain/absorption spectra can be directly obtained from the imaginary part of the QD polarization (4)).
As explained in detail in [5] , the time-frequency representation of the QD gain in the cavity and consequently of R(τ , f ) is justified since an adiabatic approximation has been introduced to describe the dependence of the QD polarization on the time-dependent occupation probabilities of the QD states reported in (4) .
Maps of the normalized round trip gain, ln(R(τ , f ))/L, for two different regimes in the HR cavity design, are shown in Fig. 6 , where the ML pulse envelope and the corresponding optical spectrum (in linear scale) are also shown. The area enclosed by the black line in the center of the map corresponds to the region where the round trip gain R(τ , f ) ≥ 1 (i.e. ln(R(τ , f ))/L ≥ 0). In addition, the round trip gain evaluated at the peak frequency of the optical spectrum, f peak, has been then decomposed in terms of the overall amplification in the gain section, G(τ ), and the saturable and non-saturable losses, A(τ ), experienced by the pulse over a round trip in the cavity, such that R(τ , f peak ) can be simply written as R (τ , f peak In the ML operation close to threshold, a large region of net gain R(τ , f ) ≥ 1 extending well beyond the pulse trailing edge is observed. The amplification of the spontaneous emission in this window gives rise to instability which is responsible for the pulse peak power fluctuation (TE instability) shown in Fig. 5 (top) [5] . Moreover, this can also be clarified by the separate contribution of the gain and absorber dynamics on the pulse formation (bottom of Fig. 6 ). It is evident that G(τ ) remains higher than A(τ ) even after the ML pulse, where spontaneous emission noise amplification can occur and an instability is therefore induced at the trailing edge of the pulse. For operation far from threshold (right column of Fig. 6 ) on the contrary, the net gain window extending beyond the pulse TE is significantly reduced so that no significant instabilities are induced on the ML pulse train.
Regarding the LR geometry, the TE instability is also observed near threshold but for lower reverse voltage where the FOM is poor and comparable to the HR device (Fig. 5) . Thus we examine the gain/absorption dynamics for operation at higher current: for I g = 50 mA, V a = −6V (Fig. 7 left column) and I g = 80 mA, V a = −6V (Fig. 7, right column) . In the first case, the LR device exhibits similar behavior to the HR device at high current (I g = 80 mA, Fig. 6 , right column): the ML is stable but with lower FOM (1.1 × 10 −3 W 2 ) than the HR device due to lower average power (operating at lower current). Considering the second case, the LR device exhibits significantly higher FOM than the HR device (7.3 × 10 −3 W 2 and 1.5 × 10 −3 W 2 respectively), however accompanied with a leading edge (LE) instability due to a net gain window at the leading edge of the pulse (Fig. 7, right  column) . The LE instability is responsible for the increased pulse peak power fluctuation in this regime (Fig. 5, right  column) . Although under the specific conditions the operation is stable, with further increase of I g the ML exhibits large fluctuations (>10% peak power) and tends to fall in an unstable regime. To conclude the results regarding the comparison of the HR and LR devices, the LR device shows a larger FOM in all cases, but the largest values are obtained where the ML is highly unstable (high voltage and high current). At low currents the LR device favors significantly shorter pulses, but with lower average power, thus the FOM remains comparable to the HR case. At high voltage and current where the FOM is much larger for the LR device, the LE instability in the ML regime is the actual limit for the maximum achievable FOM. The LE instability in the HR coated SA configuration, seems instead to start at higher current above threshold.
We must point out that simulation results described above differ significantly from the operating regimes reported in [4] for QW ML lasers where the pulse shortening was accompanied by an improved ML stability over a wide range of gain currents in the LR geometry with respect to the HR geometry. We think that this discrepancy is strictly related to the peculiar differences between the non-linear gain and absorption dynamics governing the ML regimes in QW and QD ML lasers respectively (large differences in gain and absorption saturation energies and recovery times are expected).
Furthermore, in the next section we show that the performances of the LR geometry with respect to the HR one are very sensitive to the actual cavity design and in particular to the absorber to gain section length ratio.
C. Optimization of the LR Configuration
From the findings of the previous paragraph, it is obvious that the advantage of higher FOM of the LR design is downgraded by unstable operating regimes and large amplitude noise. Thus optimization of the design is required in order to fully exploit the advantages of the LR case. The solution may rely on a structure with different saturation characteristics. As shown in [9] , the effect of the leading edge instability which appears at high current can be minimized if the length of the absorber is increased. In order to confirm the validity of this claim for the case we study, we mapped the operation of both the HR and LR devices with a longer absorber (0.35 mm) while keeping the same length of the cavity (2 mm). Fig. 8 shows a map of the FOM only for the conditions where the peak power fluctuation is below 5%. It is evident that the LR geometry now favors higher FOM in the majority of stable ML operation, and especially at high currents. This is because the pulse leading edge instability (LE) which is detrimental for the LR geometry with the short absorber (0.3 mm, Fig. 5 ) occurs at higher current values for the device with the long absorber (0.35 mm). This effect is highlighted in Fig. 9 which illustrates the stability maps and the gain/absorption dynamics, for I g = 80 mA, V a = −7V resulting in a AC width of 5.5 ps and FOM of 5 × 10 −3 W 2 . A pulse train in two different scales is shown in Fig. 10 for the same conditions. Further optimization of the LR design with increasing even more the length of the absorber may be detrimental for the ML operation, since trailing edge (TE) instability appears near the ML threshold regime [9] . In addition, the high-FOM advantage could vanish since a device with a longer absorber exhibits more losses.
Apart from the optimization based on the saturable absorber length, devices with different growth conditions have been simulated, assuming different number of QD layers and different QD surface density. The simulations for devices using all the parameters of Table I and assuming 10 QD layers and 0.3 mm long absorber showed similar results with the ones reported in paragraphs A and B: there is no significant performance improvement in terms of noise and stability using the LR device compared to the AR device. On the other hand, simulations assuming devices with 5 QD layers, 0.35 mm long absorber and an increased QD density of N d = 4 × 10 14 m −2 exhibit for the LR device a wider range of stable ML operation and higher FOM, compared to the HR device; however, both devices under these parameters give a reduced range of stable ML operation due to high amplitude noise; An exhaustive comparison of ML performance between the LR and HR configurations for the entire set of the structural parameters cannot be performed in the context of the present work. However, based on the available results we can estimate that the LR configuration leads to an improvement in the device performance under certain conditions: long enough absorber, moderate value of QD density and small number of QD layers.
IV. CONCLUSION
The properties of an alternative design for two-section mode-locked quantum dot lasers have been analyzed theoretically. We compare the operation of devices with the absorber section located near the low-reflection facet with the conventional devices with the absorber near the highreflection facet. The analysis is carried out by means of a bidirectional FDTW model which properly accounts for the quantum dot material system and the colliding effects in the absorber section. We show that the devices based on the alternative design prevent the formation of the colliding effects and generate shorter ML pulses with higher peak power than the devices based on the conventional design which exploits the self-colliding effects. Although the maximum achieved peak-with-average power product is limited by increased noise and unstable regimes related to instabilities, with optimization of the design, stable and low noise ML operation with superior performance can be achieved.
